run in TBE £0.5 at room temperature for 2 h at 150 V. The following two (Q/q) 27-bp unmethylated oligonucleotides were used: 5 0 -GATCCTTCGCCTAGGCTC(A/G)CAGCG CGGGAGCGA-3 0 . A methylated q probe (q*) was generated by incorporating a methylated cytosine at the mutated CpG site during oligonucleotide synthesis.
25. Anderson, S. I., Lopez-Corrales, N. L., Gorick, B. & Archibald, A. L. A large fragment porcine genomic library resource in a BAC vector. Mamm. Genome 11, 811-814 (2000 Supplementary Information accompanies the paper on www.nature.com/nature.
Haematopoietic stem cells (HSCs) are a subset of bone marrow cells that are capable of self-renewal and of forming all types of blood cells (multi-potential) 1 . However, the HSC 'niche'-the in vivo regulatory microenvironment where HSCs reside-and the mechanisms involved in controlling the number of adult HSCs remain largely unknown. The bone morphogenetic protein (BMP) signal has an essential role in inducing haematopoietic tissue during embryogenesis 2, 3 . We investigated the roles of the BMP signalling pathway in regulating adult HSC development in vivo by analysing mutant mice with conditional inactivation of BMP receptor type IA (BMPRIA). Here we show that an increase in the number of spindle-shaped N-cadherin 1
CD45
2 osteoblastic (SNO) cells correlates with an increase in the number of HSCs. The long-term HSCs are found attached to SNO cells. Two adherens junction molecules, N-cadherin and b-catenin, are asymmetrically localized between the SNO cells and the longterm HSCs. We conclude that SNO cells lining the bone surface function as a key component of the niche to support HSCs, and that BMP signalling through BMPRIA controls the number of HSCs by regulating niche size.
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We first analysed the expression patterns of Bmpr1a (Alk3) and Bmpr1b (Alk6) in bone marrow and the surrounding bone tissue. BMPRIA was found in bone marrow cells, including most of the haematopoietic lineages apart from the HSC population, and most osteoblastic cells (Fig. 1a-c) . By contrast, we were unable to detect expression of Bmpr1b in HSCs and the other haematopoietic lineages that we examined (Fig. 1d) .
To block the BMP signal, we inactivated BMPRIA by crossing Bmpr1a fx/fx and Bmpr1a fx/2 mouse lines 4 with a PolyI:C-inducible Mx1-Cre mouse line 5 and assaying the mutant mice. Multiple injections of PolyI:C were required for efficient deletion of Bmpr1a (see Supplementary Information, data 1) Mice with different injection schedules (see Methods) were investigated using flow cytometric assays to analyse the HSC population. (Fig. 2a) . Although the total bone marrow cell number per femur was reduced in both of the Bmpr1a mutant lines owing to reduced cavity room, as seen in Fig. 3b , the absolute number of HSCs per femur was still increased 1.5-2-fold (Fig. 2b) . As no significant difference between Mx1-Cre þ Bmpr1a fx/fx and Mx1-Cre þ Bmpr1a fx/2 mutant mice was observed, we focused on the Mx1-Cre þ Bmpr1a fx/fx mice in the following studies. The HSC population is a heterogeneous mixture, including longterm (LT) and short-term (ST) HSCs 6 . Therefore, we injected the mice with 5-bromodeoxyuridine (BrdU) to label cycling cells. letters to nature (including the cycling ST-HSCs) was similar to that in the littermate controls ( Fig. 2c) . Therefore, direct comparison of the entire HSC population provides an underestimated but reliable representation ( Fig These experiments demonstrated an increase in the LT-HSC population. However, the gold-standard test for functional stem cells is the competitive repopulation unit (CRU) assay 7 , in which a series of diluted donor-derived bone marrow mononuclear cells (BM-MNCs) is transplanted into different groups of sublethally irradiated recipient mice. Three months after transplantation, peripheral blood is examined to monitor the engraftment of donor cells in the recipient mice in order to determine the lowest number of bone marrow cells required for the reconstitution of haematopoiesis. Using this assay, we confirmed that the functional stem cell number increased 2.2-fold in the mutant mice compared with controls ( Fig. 2d and Supplementary Table 4 ). The results from both immunophenotypical and CRU assays indicate that the population of LT-HSCs is expanded in the Bmpr1a mutant mice.
There are several mechanisms that can lead to changes in the HSC number: (1) an intrinsic change in stem cells that either promotes self-renewal or blocks apoptosis; (2) an internal defect in progenitors that inhibits differentiation, leading to an accumulation of stem cells; or (3) an external influence from the HSC microenvironment. The finding that Bmpr1a is not expressed in HSCs (Fig. 1c) does not support the argument that an intrinsic defect in HSCs was the cause of a change in the number of HSCs in the Bmpr1a mutant mice. We then analysed myeloid and lymphoid lineages, common myeloid progenitor and common lymphoid progenitor subsets 8, 9 . The results revealed no significant phenotypical change in any of the subsets analysed ( Supplementary Information, data 2a, b) . This was consistent with results obtained from in vitro colony-forming unit Table 7) .
letters to nature (CFU) assays, which showed that the progenitor number of different lineages was similar in the Bmpr1a mutant and littermate control mice ( Supplementary Information, data 3) . These results ruled out the possibility of an accumulation of HSCs resulting from a block in progenitor cell differentiation.
Direct evidence of an external influence causing the change in HSC number came from reciprocal bone marrow/HSC transplantation experiments. HSCs isolated from wild-type Ly5.1 mice were transplanted into lethally irradiated Bmpr1a mutant and littermate control mice (both Ly5.2 genotype). The result of a flow cytometric assay three months after transplantation revealed that the percentage of donor-derived HSCs in the Bmpr1a mutant mice was, on average, 1.6 times higher than in the wild-type control recipient mice (Fig. 2e) . A reciprocal assay was also carried out by transplanting BM-MNCs derived from the Bmpr1a mutant or wild-type control mice into lethally irradiated wild-type Ly5.1 mice. These flow cytometric results showed that the percentage of donor-derived HSCs in both groups of recipient mice was similar, regardless of the origin of BM-MNCs (Fig. 2f) . We conclude that the change in the microenvironment led to an increase in HSC number in the Bmpr1a mutant mice.
Bone marrow stromal cells are derived from mesenchymal stem cells, including fibroblasts, adipocytes, endothelial cells and osteoblasts 10 . Previous studies of the roles of stromal cells in supporting HSCs have been based mainly on in vitro culture, and each of these stromal cells has been suggested to be capable of supporting haematopoietic stem/progenitor cells in vitro 11, 12 . However, none of these results has been confirmed in vivo.
We observed obvious abnormal bone formation in the Bmpr1a mutant mice. Our X-ray and histological analyses revealed that an ectopic formation of trabecular-bone-like area (TBLA) occurred in the long-bone region of the mutant mice (Fig. 3a, b) . The location of the ectopically formed TBLAs varied depending on the PolyI:C injection time: TBLAs were seen distal to the knee in the earlyinduced group, but were proximal to the knee in the late-induced group, and at both sites in the combined-injection group (Fig. 3c) . This raised the possibility of a change in osteoblasts or osteoclasts affecting the HSC microenvironment. Recent in vitro evidence shows that an osteoblastic cell line can expand the number of HSCs 2-4-fold 12 . In addition, osteoblasts, when co-transplanted with HSCs, can also increase the engraftment rate 13 . These observations suggest that osteoblasts have a role in supporting HSCs.
We next asked whether the ectopically formed TBLA was responsible for the increased HSC number in the mutant mice. As described above (Fig. 2b) , the number of HSCs per femur in the mutant animals was increased 1.67-fold on average in both earlyand late-induced mutant mice. In addition, we found that the number of HSCs per femur increased 2.5-fold on average in the combined early-and late-induced mice, in which two regions of TBLA were observed (Fig. 3d) . This shows that an increase in the number of HSCs correlates with an increase in the number of ectopically formed TBLAs.
We investigated the mechanism that leads to the ectopic formation of TBLA when the BMP signal is blocked. BMPRIA has been shown to inhibit osteoblastic lineage commitment from mesenchymal progenitors in vitro 14 . We ruled out the possibility of an increase in the number of mesenchymal progenitors in the mutants using a CFU-fibroblast assay 10 (Supplementary Table 5 ). Osteoblastic lineage commitment from mesenchymal progenitors is not increased, because the ectopic formation of TBLA is regional rather than evenly distributed. This suggests that regional inactivation of Bmpr1a leads to the ectopic formation of TBLA. To confirm this, we generated a triple-genotype mouse line bearing Mx1-Cre, Bmpr1a fx/fx and Z/EG alleles. Cre-induced green fluorescent protein (GFP) expression reflects successful targeting of Bmpr1a (Fig. 3e) . Analysis of bone sections derived from the triple-genotype mice revealed that only the surface of ectopically formed TBLA was GFP positive, indicating that regional deletion of Bmpr1a occurs exclusively in the cells that line the TBLA surface. This was further supported by a 3-fold increase in osteoblast number, a 2-fold increase in the rate of bone formation, and a 10-fold increase in bone volume in the TBLA of Bmpr1a mutants compared with the long-bone region in control littermates (Supplementary Information, data 4, and Supplementary Table 8) ; however, there was no apparent change in osteoclasts (cells that reabsorb bone) measured by tartrate-resistant acid phosphatase staining (data not shown). The ectopic TBLA might be formed by over-proliferation or abnormal differentiation of an osteoblast progenitor. In addition, inactivation of BMPRIA might make the osteoblasts less sensitive to apoptotic signal, as a BMP signal is known to induce osteoblast apoptosis 15 . We observed a correlation between the number of LT-HSCs and the increase in TBLA. Are the LT-HSCs in the TBLA enriched? The limited number of LT-HSCs in bone marrow and the lack of a unique marker make their visualization difficult. As LT-HSCs are quiescent or slow cycling, they are able to retain labelled nucleotides for a relatively long period and can be identified as BrdU-LTR (longterm retaining) cells 16 (see Methods). We found that 76% of the BrdU-LTR cells were located within the bone marrow cavity, whereas 24% were attached to the bone surface. Most BrdU-LTR cells attached to the bone surface were located in cancellous/ trabecular bone area (including epiphysis and metaphysis), whereas the rest were dispersed along the endosteal surface of long bone (Fig. 3f, upper panel) . This is consistent with previous observations in which HSCs were found to be close to the endosteal surface of long bone 17 or homing to the bone surface of epiphysis 18 . Importantly, a significantly increased number of BrdU-LTR cells was found in the ectopically formed TBLA compared with the longbone region (Fig. 3f) 
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2 (enriched with mesenchymal stem cells) (see Fig. 3h ). We estimate that the frequency of the enriched LT-HSCs in control animals (BrdU-LTR Lin
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þ cells) is 0.01%, close to the frequency of LT-HSCs (0.007%) on the basis of functional studies 19 . These cells are located mainly on the bone surface, particularly the surface of the cancellous/trabecular bone, and most of these cells are costained with other HSC markers: CD45, Sca-1 and c-Kit (Fig. 4a-c) . These observations support the conclusion that the ectopically formed TBLA is responsible for the increase in the number of HSCs.
The increased number of osteoblasts on the surface of ectopically formed TBLA correlates with the increase in HSC number. The LT-HSCs appear to be attached to cells with an early osteoblastic character (the mononuclear spindle-shaped cells lining the bone surface; Fig. 3f, upper panel) . As N-cadherin is expressed in both early and late osteoblastic cells 20 , we used this biological marker to confirm this observation. This marker stains two osteoblastic cell types: a small subset of spindle-shaped osteoblasts (osteoblastic lining cells) and most of the larger, oval-shaped, matrix-forming osteoblasts (Fig. 3f, lower panel) . Histological analysis of the distribution of the spindle-shaped N-cadherin þ osteoblastic (SNO) cells revealed that these cells were enriched on the surface of cancellous/trabecular bone, including the vesicle area in epiphysis, and sporadically dispersed along the endosteal surface of long bone (Fig. 3f, lower panel) . This distribution pattern was similar to that of LT-HSCs (Fig. 3f, upper panel) . Indeed, the LT-HSCs are attached only to the SNO cells that line the bone surface, (Fig. 4e) . We also counted the number of SNO cells (Supplementary Table 6 ). The result showed that an increase in the number of these cells (2.3-fold; Fig. 3g) correlates to a high degree with the increase in LT-HSC number (2.2-fold; Fig. 2d ) in the Bmpr1a mutant mice. Taken together, these observations indicate that the SNO cells have an important role in supporting LT-HSCs. This conclusion is also supported by evidence from studies of conditional ablation of osteoblasts in Col2.3Dtk (thymidine kinase) transgenic mice, which showed that osteoblasts were necessary for the maintenance of haematopoiesis and where a loss of osteoblasts led to loss of haematopoietic cells 21 .
As the functions of the niche include adhesive interaction between stem cells and the niche 22 , we asked whether the SNO cells provide an adhesive attachment for HSCs. In Drosophila, two important junction-related adherens molecules, E-cadherin and b-catenin, are essential for the maintenance of ovarian somatic stem cells, as evidenced by the observation that a loss of E-cadherin leads to a loss of somatic stem cells 23 . E-cadherin was not expressed in either the osteoblasts or the LT-HSCs (although it was expressed in many bone marrow cells; data not shown). However, we found that N-cadherin was asymmetrically localized to the cell surface of LT-HSCs adjacent to the SNO cells (Fig. 4e, f) . Using flow cytometric assay, we confirmed that N-cadherin is expressed in a subpopulation (10%) of murine adult HSCs (Lin Supplementary Information, data 5 ). It will be important to demonstrate an in vivo functional role of the N-cadherin þ HSCs. In addition, b-catenin, which interacts with and forms an adherens complex with N-cadherin 24 , is also found to be asymmetrically localized between the SNO cells and the LT-HSCs (Fig. 4d) .
The niche hypothesis was first proposed by Schofield 25 in 1978, and is supported by the co-culture of HSCs with marrow stromal cells 26 . The stem cell niche has been described in the Drosophila ovary 27 , but the HSC niche, owing to complicated anatomical architecture, has remained an enigma. We show that, in bone and bone marrow, the cancellous/trabecular bone area is the primary site for HSCs. The SNO cells located on the bone surface are a key component of the niche, supporting LT-HSCs (Fig. 4g) . SNO cells might support HSCs through a specific adhesive interaction between N-cadherin and b-catenin. Consistent with this, in col1-PPR (parathyroid hormone (PTH)/PTHrP receptor) transgenic mice, the osteoblastic lineage has been defined as a key participant in the regulation of HSC numbers 28 . The niche size must be tightly regulated in vivo to maintain HSCs and normal homeostasis 25, 29 . We provide in vivo evidence to show that a change in the niche size affects the number of stem cells. BMP signalling through BMPRIA is an important component of this regulatory system. A
Methods
Inducible Cre expression
PolyI:C (250 mg per mouse) was injected intraperitoneally. For the early-induced group, PolyI:C was injected on the 3rd, 5th and 7th day after birth, whereas the late-induced group was treated with PolyI:C on the 21st, 23rd and 25th day after birth. A third doubleinduced group combined both injection schedules.
Flow cytometric assay and CFU culture
Isolation and preparation of bone marrow, thymus, spleen and peripheral blood cells, and the method for subsequent flow cytometric assays have been described ) from either Bmpr1a mutant or wild-type control were transplanted into several groups of sublethally (500 rad) irradiated Ly5.1 recipient female mice. Three months after transplantation, peripheral blood was analysed using myeloid and lymphoid lineage markers: Mac-1, Gr-1, B220, CD3 and Ly5.2. An engraftment rate of .1% (the basal level was defined by transplantation of bone marrow derived from Ly5.1 mice) was scored as positive. The data shown in Fig. 2f are based on two independent experiments. The CRU frequencies were determined using L-Calc software (StemCell Technologies), which uses Poisson statistics and the method of maximum likelihood to the proportion of negative recipients, using limiting-dilution analysis (see Supplementary Table 4) . We found that the CRU frequency was lower than that reported in studies where lethal doses of irradiation have been used 7 .
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